Intermittent exposure to a sensorimotor perturbation, such as a visuomotor rotation, is known to cause a directional bias on the subsequent movement that opposes the previously experienced perturbation. To date, it is unclear whether the parietal cortex is causally involved in this postperturbation movement bias. In a recent electroencephalogram study, Savoie et al. (2018) observed increased parietal activity in response to an intermittent visuomotor perturbation, raising the possibility that the parietal cortex could subserve this change in motor behavior. The goal of the present study was to causally test this hypothesis. Human participants (N = 28) reached toward one of two visual targets located on either side of a fixation point, while being pseudorandomly submitted to a visuomotor rotation. On half of all rotation trials, single-pulse transcranial magnetic stimulation (TMS) was applied over the right (N = 14) or left (N = 14) parietal cortex 150 ms after visual feedback provision. To determine whether TMS influenced the postperturbation bias, reach direction was compared on trials that followed rotation with (RS 1 1) and without (R 1 1) TMS. It was hypothesized that interfering with parietal activity would reduce the movement bias following rotated trials. Results revealed a significant and robust postrotation directional bias compared with both rotation and null rotation trials. Contrary to our hypothesis, however, neither left nor right parietal stimulation significantly impacted the postrotation bias. These data suggest that the parietal areas targeted here may not be critical for perturbation-induced motor output changes to emerge.
Introduction
An important aspect of motor learning concerns the adaptation of existing motor skills to various perturbations (i.e., sensorimotor adaptation; Krakauer et al., 2019) . At least two processes are thought to contribute to sensorimotor adaptation. The explicit process, mainly driven by performance errors (i.e., the discrepancy between the movement goal and outcome), is thought to reflect a strategic reaiming to counter the perturbation (Taylor et al., 2014; McDougle et al., 2015) . The implicit process, which is mainly driven by sensory prediction errors (SPE; i.e., the mismatch between the predicted and actual sensory consequences of a movement), is thought to reflect the updating of an internal forward model that allows the motor system to accurately predict the sensory consequences of movement (Taylor et al., 2014; McDougle et al., 2015) . In the field of sensorimotor learning, an important endeavor has been to identify the neural correlates of both explicit and implicit adaptation.
One of the most frequently reported neural correlates of sensorimotor adaptation is the parietal cortex (Inoue et al., 1997 (Inoue et al., , 2000 Shadmehr and Holcomb, 1997; Ghilardi et al., 2000; Krakauer et al., 2004; Graydon et al., 2005; Seidler et al., 2006; Girgenrath et al., 2008; Seidler and Noll, 2008; Luauté et al., 2009; Werner et al., 2014) . Given evidence that disrupted parietal activity impairs one's ability to compensate for a sensorimotor perturbation without necessarily impacting postadaptation aftereffects (Della-Maggiore et al., 2004; Pisella et al., 2004; Panico et al., 2018) , it has been suggested that this area may be selectively involved in explicit adaptation. For instance, Panico et al. (2018) showed that applying either anodal or cathodal transcranial direct current stimulation (tDCS) over the parietal cortex impairs the ability to correct for target errors during prism adaptation without impacting postadaptation aftereffects. However, some studies have shown that parietal lesions impair both adaptation and subsequent aftereffects, suggesting that the parietal cortex may play a role in implicit adaptation as well Mutha et al., 2011a,b) . While the above-mentioned studies indicate that the parietal cortex is involved in explicit adaptation, its involvement in implicit adaptation is more ambiguous.
One way to probe for implicit adaptation is to expose individuals to an intermittent or randomly changing perturbation and to investigate the directional movement bias that occurs on the following trial (Diedrichsen et al., 2005; Galea et al., 2015; Torrecillos et al., 2015; Tan et al., 2016; Savoie et al., 2018) . Indeed, this bias has been suggested to be automatic and nonstrategic (Donchin et al., 2003; Galea et al., 2015) , which arguably make it a valid proxy for implicit adaptation. As a matter of fact, the magnitude of postperturbation movement biases (Diedrichsen et al., 2005; Galea et al., 2015) is typically similar to the learning rate reported for implicit adaptation (Smith et al., 2006; McDougle et al., 2015) . Interestingly, a recent electroencephalography (EEG) study has provided evidence that the parietal cortex may be involved in the directional reaching bias that emerges following single-trial exposure to a visuomotor rotation (Savoie et al., 2018) . In that study, participants made reaching movements toward a visual target while being pseudorandomly exposed to a 45°visuomotor rotation (approximately every three trials). Importantly, participants knew which trials would and would not be perturbed and were given an aiming strategy to successfully counter the rotation on perturbed trials. Despite this, participants showed a significant reaching bias in the direction opposite to the perturbation following rotated trials. Critically, when rotated trials were compared with control trials matched for motor output, sensory input, and performance errors, a phasic parietal response was observed 140-260 ms after movement onset. Given that the only major difference between the rotated and control trials was the presence of an SPE, the authors speculated that this parietal response reflected SPE processing and, therefore, the engagement of implicit adaptation mechanisms. Although reasonable, this interpretation was speculative, as the authors did not assess a causal relationship between the visuomotor rotation-induced parietal activity and subsequent directional reaching bias.
In light of the above, the goal of the present study was to test a causal relationship between the parietal responses observed by Savoie et al. (2018) and the movement bias incurred by single-trial exposure to a visuomotor rotation. To do so, single-pulse transcranial magnetic stimulation (TMS) was used to disrupt either left or right parietal activity as participants were intermittently exposed to a 45°visuomotor rotation. The spatiotemporal parameters of the TMS protocol were specifically chosen to disrupt the visuomotor rotation-induced parietal activity reported by Savoie et al. (2018) . It was hypothesized that disrupting parietal activity at the putative moment of SPE processing would reduce the postrotation bias compared with a control (i.e., no TMS) condition.
Materials and Methods

Participants
Twenty-eight right-handed and neurologically healthy university students, who were randomly divided into two equal groups [left parietal stimulation group (P3): 9 females, 24 6 3 years old (mean 6 SD); right parietal stimulation group (P4): 10 females, 24 6 4 years old; see TMS protocol], took part in this study. Based on self-report, all had normal or corrected-to-normal vision. Each participant completed the questionnaire by Lefaucheur et al. (2011) prior to participation to determine whether they were eligible for TMS. All procedures were approved by the Université de Sherbrooke institutional review board and ethics committee and fully explained to participants prior to obtaining their informed and written consent.
Experimental setup
The experimental setup consisted of a steel frame mounted on a tabletop, which supported a 23 inch computer monitor (model VH238H, ASUS) that projected visual stimuli onto a semisilvered mirror positioned in front of participants. The monitor (resolution: 1920 Â 10 80 ; refresh rate: 75 Hz) was mounted face down 29 cm above the semisilvered mirror, which was positioned 29 cm above the table surface. Hand movements were recorded by way of a custom-built manipulandum composed of two lightweight metal rods, which lay on the table surface below the mirror. To move the manipulandum, participants used a short steel handle located at its mobile end. Two potentiometers, located at the hinges of the manipulandum, allowed for the recording of movement-induced changes in rod angle at 100 Hz, from which planar hand displacements were determined. To minimize friction between the manipulandum and table surface, a smooth plastic sheet was fixed to the table and felt pads were secured beneath the hinges of the manipulandum. This setup allowed participants to view the visual stimuli in the same plane as their hand. Moreover, because all experiments were conducted in the dark, the semisilvered mirror prevented participants from seeing their hand during the experiment.
Experimental task Overview
On each trial, participants were required to bring a virtual cursor (white circle, diameter: 0.85 cm) from a start base to one of two visual targets by reaching toward it with their right arm (Fig. 1Aa ). The start base ( Fig. 1Aa , gray circle; diameter: 1.06 cm) was positioned 30 cm in front of participants and aligned to their midline, whereas the two targets ( Fig. 1Aa , circles with black outline; diameter: 2.12 cm) were located 12 cm away from the start base and on either side (22.5°) of participants' midline. To control for gaze position during the experiment, participants were asked to maintain their eyes on a fixation point ( Fig. 1Aa , red circle; diameter: 0.27 cm), which was located 12 cm in front of the start base along the midline (i.e., between the two targets). All visual landmarks (i.e., start base, targets and fixation point) were visible throughout the experiment.
Trial timeline
All trials were initiated when participants actively brought the cursor within the start base. If this position was maintained for 2 s, one of the two visual targets turned green, instructing participants to initiate their reach toward that target (i.e., go-cue). During the reaching portion of all trials, participants were provided with full visual feedback of the cursor (i.e., closed-loop feedback). Participants were instructed to land the cursor within the cued target and complete their reaching movement in ,200 ms to minimize online corrections. Although participants were not pressed to react as quickly as possible [i.e., this was not a reaction time (RT) task], they were encouraged to react shortly after the go-cue. If participants landed their cursor within the target and their movement time (MT) was ,200 ms, the target exploded to indicate a successful trial. If participants landed within the target but movement time was !200 ms, the target was colored in blue to inform participants that they had moved too slowly. Finally, if participants failed to land on the target, it turned red, indicating that they had missed the target. Importantly, participants were told that the goal of the task was to make the target explode on as many trials as possible. At movement end, the virtual In a-e, the target to reach is represented in green, the magenta arrow represents hand direction, the black arrow represents the cursor direction and the red circle represents the fixation point. It was hypothesized that parietal TMS would attenuate postrotation directional bias (i.e., trial-by-trial changes in motor behavior) on RS 1 1 compared with R 1 1 trials (see d vs e). B, Example trial sequence. At least two NULL trials separated each R 1 1/RS 1 1 trial from the following R/RS trial. C, Depiction of stimulation sites P3 and P4 and coil positioning.
cursor was extinguished and a short text indicating movement time (e.g., 189 ms) appeared 1 cm above the fixation point. This provided participants with feedback concerning their movement time and also informed them that the trial was complete and that they should bring their hand back to the start base to initiate the next one. Given that the cursor was still not visible at this point, a metal "V"-shaped dock was fixed to the workspace surface so that participants could simply bring their hand back toward their midline until they hit the dock, after which they could slide the manipulandum to the start base. The cursor was made visible again, and performance feedback extinguished, only when the next trial was initiated.
Experimental timeline and conditions
After a familiarization period (!50 trials, depending on how comfortable the participant was with the task), participants completed 600 experimental trials. Three hundred sixty of these were null rotation trials, in which participants were provided with veridical visual feedback of their hand (NULL; Fig. 1Aa ). Amid these NULL trials were embedded 60 rotation (R) and 60 rotation 1 stimulation (RS) trials, in which a 45°visuomotor rotation was imposed on the cursor ( Fig. 1Ab ,Ac). On left target R/RS trials, the rotation was counterclockwise (i.e., positive), whereas on right target R/RS trials, the rotation was clockwise (i.e., negative). R and RS trials were identical except that in RS trials, participants received a TMS pulse over the left or right parietal cortex depending on the group they belonged to (see TMS protocol). R and RS trials were respectively followed by R 1 1 and RS 1 1 trials, which were free of visuomotor rotation and always directed toward the same target as the preceding R or RS trial ( Fig. 1Ad ,Ae). The purpose of R 1 1 and RS 1 1 trials was to probe for the directional reaching bias following exposure to the visuomotor rotation. At least two NULL trials, pseudorandomly directed toward the right or left target, separated each R/R 1 1 or RS/RS 1 1 pair to wash out any adaptation that might take place. An example trial sequence is depicted in Figure 1B . In each condition, trials were evenly split between left and right target trials.
During the experiment, participants were not aware of which trials would be rotated. Importantly, they were told to aim directly toward the cued target (i.e., the one that turned green) on every trial, regardless of what the cursor did. Moreover, participants were told that trying to guess and implement a strategy to counter the visuomotor rotation was counterproductive, as these trials would not contribute toward their final score (i.e., number of hits). Additionally, to ensure that participants made a genuine effort to directly reach toward the target on postrotation trials, they were told that the trial immediately following a rotated trial would never be submitted to a visuomotor rotation. Given these instructions, it was reasoned that any directional reaching bias on R 1 1 and RS 1 1 trials would be free of any aiming strategies (i.e., it would be implicitly driven). None of the participants were aware of the research hypothesis prior to taking part in the experiment.
Movement-related data recording and analysis
All visual stimuli were presented using functions from the Psychtoolbox (Brainard, 1997; Pelli, 1997) , which was run using MATLAB (version 2014a, MathWorks). Movementrelated data, which were recorded with the potentiometers of the manipulandum, were analyzed offline using custom MATLAB code. For all trials, movement initiation was defined as the first time sample when the position of the hand was recorded outside the start base following the go-cue, whereas movement termination was defined as the first time sample when hand velocity was ,1 pixel/s after movement initiation. RT was calculated as the time between the go-cue and movement initiation, whereas MT was calculated as the time between movement initiation and termination. Although RT and MT were not of special interest in this study, they were analyzed to assess whether motor behavior was similar with and without TMS. Reach angle at peak velocity, which was used to assess the postrotation bias, was defined as the angular difference between the target vector (i.e., start base to cued target) and hand vector (i.e., start base to hand position) at peak velocity. Radial target error, which was used to identify potential outlier trials prior to data analysis (see Movement-related trial rejection), was defined as the distance between the position of the hand and the target center at movement termination. Since radial target errors, as defined above, are insensitive to the direction of error, they were further broken down into mediolateral (Final x ) and anteroposterior (Final y ) components and used as additional variables to estimate reach direction throughout the experiment. Given that premovement parietal stimulation has previously been reported to increase movement variability (Vesia et al., , 2010 , we also determined reach angle variability at peak velocity, as well as Final x and Final y variability, and compared these variables across conditions.
Movement-related trial rejection
Visual inspection of all trials revealed that four participants each completed one reaching movement to the right target on a left target trial (one in RS 1 1, three in R 1 1). These trials were removed from the analyses given that participants either voluntarily or involuntarily did not follow the instructions. To further prevent outlier trials from affecting movement-related outcomes, thresholds were established to reject trials based on RT ( 120 ms, 11 total trials identified) and MT (.300 ms, 226 total trials identified). These thresholds were chosen because (1) RTs ,120 ms were deemed too quick to be valid (Haith et al., 2016) and (2) MTs .300 ms were deemed too long given that the goal of the task was to hit the target within 200 ms (see Trial timeline). On average, this led to the rejection of 8 6 13 trials (range, 0-53) per participant (left target: NULL, 3 6 5, range, 0-20; R, 1 6 1, range, 0-6; RS, 1 6 3, range, 0-10; R 1 1, 0 6 0, range, 0-2; RS 1 1, 2 6 3, range, 0-13; right target: NULL, 0 6 0, range, 0-1; R, 0 6 1, range, 0-5; RS, 0 6 1, range, 0-3; R 1 1, 0 6 1, range, 0-4; RS 1 1, 0 6 1, range, 0-4).
TMS protocol
In a previous EEG study, Savoie et al. (2018) identified parietal responses to visuomotor SPEs in healthy human participants. This activity was apparent between 140 and 260 ms after movement onset with online visual feedback, peaking at electrode P4 of the extended 10-20 electrode coordinate system. In the present study, we tested whether these parietal responses were related to implicit adaptation by interfering with the parietal cortex using single-pulse TMS. Single-pulse TMS was used because it enabled the transient disruption of neural activity at the presumed moment of SPE processing (i.e., ;140-260 ms after feedback provision), while sparing task-related processes taking place in other time windows. Neither offline repetitive TMS nor tDCS could have permitted this, as the effects of these stimulation techniques are known to linger for several minutes after stimulation (Nitsche et al., 2008; Lefaucheur et al., 2011) . On RS trials (see Experimental timeline and conditions), single-pulse TMS was delivered using a MagStim 200 monophasic stimulator (MagStim), using a 70-mm-diameter figure-of-eight coil positioned over either the right or left parietal cortex. In the P4 group (N = 14), the coil was centered over P4, whereas in the P3 group (N = 14), the coil was centered over P3. Rather than using an EEG cap to identify P3 and P4, an electrode-free rubberized swimming cap (Speedo) was used, allowing the coil to be positioned closer to the scalp during the experiment. Moreover, the rubberized cap provided better adherence with the coil, which minimized potential coil movements during the experiment. To identify P3 and P4, the 10-20 electrode coordinate system, as described by Oostenveld and Praamstra (2001) , was mapped onto each participant's head. First, the distance between nasion and inion (35.3 6 1.7 cm across all participants) was determined, and felt markers were used to identify the 10% (FPz), 50% (Cz), 70% (Pz), and 90% (Oz) locations. Second, the distance between the right and left preauricular points (36.9 6 1.4 cm across all participants) was determined and the 10% (T7), 50% (Cz), and 90% (T8) locations were identified. Importantly, special care was taken to ensure that the nasion-inion and preauricular measurements always intersected at their midway point (i.e., Cz). Third, the circumference of the head (passing through FPz, T7, Oz, and T8) was determined, and the 35% (P7) and 65% (P8) locations were identified with the felt marker. The midway point between P7 and Pz was taken as P3, whereas the midway point between Pz and P8 was taken as P4. Neither the nasion-inion nor the preauricular distances were significantly different between P3 and P4 groups (independent t tests: t (26) = À0.26 and 0.83, p ! 0.41). For both stimulation groups, the coil was positioned tangentially to the scalp with the handle pointing posterolaterally at a 45°angle ( Fig. 1C ; Vesia et al., 2010) .
Although the acute effects of single-pulse TMS may only last between 5 and 40 ms (Sliwinska et al., 2014) , TMS-EEG studies have shown that cortical activity is perturbed for up to 300 ms following the delivery of a single TMS pulse (Chung et al., 2015) , with the first 100 ms likely relating to inhibitory cortical processes (Premoli et al., 2014; Chung et al., 2015) . Considering this, as well as the latency of parietal responses to visuomotor SPE (i.e., 140-260 ms; Savoie et al., 2018) , it was decided to deliver the TMS pulse 150 ms after the provision of visual feedback. Given the poor correlation between motor and phosphene thresholds in healthy individuals (Stewart et al., 2001; Boroojerdi et al., 2002) , basing stimulation intensity on a percentage of the motor threshold may be inappropriate when stimulating nonmotor areas. As such, a number of TMS studies targeting the parietal cortex have used a fixed stimulation intensity corresponding to 60% of stimulator output (Dambeck et al., 2006; Vesia et al., 2006 Vesia et al., , 2008 Prime et al., 2008) . In the present study, stimulation intensity was set at 70% of stimulator output.
Experimental design and statistical analyses
Eight dependent variables (RT, MT, reach angle at peak velocity, reach angle variability at peak velocity, Final x , Final x variability, Final y , and Final y variability) were analyzed in the present study. For all analyses, permutationbased statistics were used, as this approach makes no assumptions about the underlying distribution of the data (Good, 2005; Maris and Oostenveld, 2007; Cohen, 2014) . First, each variable was submitted to a three-way repeated-measures ANOVA with Group (between subject, two levels: P3 and P4), Target (within subject, two levels: right and left target), and Condition (within subject, five levels: NULL, R, RS, R 1 1, and RS 1 1) as factors. After obtaining the F ratios for the nonpermuted (i.e., true) data, the Group, Target, and Condition labels were randomly shuffled (in that order) across datasets, and permuted F ratios were obtained by applying a three-way repeatedmeasures ANOVA to the permuted datasets. This procedure (i.e., random permutation 1 three-way repeatedmeasures ANOVA) was repeated 5000 times to obtain a distribution of permuted F ratios, the majority of which should fall under the null hypothesis. Then, for each factor/interaction, a p value was obtained by way of a Monte-Carlo estimate. Briefly, this entailed dividing the number of permuted F ratios larger or equal to the F ratio obtained from the nonpermuted data by the total number of permutations (i.e., 5000). It should be noted here that, although the p values differed, the above-mentioned permutation analyses always led to the same statistical outcome when compared with a Greenhouse-Geisser adjusted parametric three-way repeated-measures ANOVA.
When a significant effect was found for any factor/interaction, t tests were used to identify differences between factor levels. When comparing between independent samples (i.e., group comparisons), independent t tests were used, whereas when comparing between dependent samples (i.e., Target or Condition comparisons), dependent t tests were used. Akin to the above-mentioned analyses, t test p values were obtained through permutation testing. Briefly, after obtaining t values from the nonpermuted datasets, a distribution of permuted t values was obtained for each contrast by randomly shuffling the factor labels and applying a t test to the permuted data for 5000 iterations. Thereafter, the number of permuted t values with an unsigned magnitude greater or equal to that of the true, nonpermuted t value (i.e., the values equally or more extreme) was divided by the total number of permutations to obtain a two-tailed p value. For all analyses, the threshold for significance was set at a = 0.05. When the breakdown of a significant factor/interaction required multiple paired comparisons, p values were Bonferroni corrected by multiplying them by the number of comparisons required to examine the significant factor/interaction. All Bonferroni corrections are specified in the Results section. Of note, despite yielding different p values, our t test permutation analyses always resulted in the same statistical outcome when compared with parametric t tests, even after Bonferroni correction.
To make the Results section more intuitive, if either left or right parietal stimulation impacts the postrotation bias, we would expect the direction-sensitive variables, notably reach angle at peak velocity, to show a Group Â Target Â Condition interaction, which would be driven by R 1 1 versus RS 1 1 differences at each target location. If both left and right parietal stimulation similarly impact the postrotation bias, we would expect the direction-sensitive variables to show a Target Â Condition interaction, which would likewise be driven by R 1 1 versus RS 1 1 differences at each target location.
For all ANOVAs, effect sizes are reported as partial eta squared (h 2 p ; Fritz et al., 2012; Lakens, 2013) . Although clear h 2 p benchmarks are lacking for repeated-measures designs (Lakens, 2013) , here we use the h 2 benchmarks proposed by Cohen (1988) as an approximation for effect size amplitude. Specifically, h 2 p values . 0.01, 0.06, and 0.14 were respectively considered small, medium, and large. For all targeted comparisons (i.e., post hoc t tests), effect sizes were also calculated (independent samples, Cohen's d; dependent samples, Cohen's dz). Cohen's d and dz values . 0.2, 0.5, and 0.8 are, respectively, considered small, medium, and large (Cohen, 1988; Field, 2009 ).
Results
Reach angle at peak velocity
For reach angle at peak velocity, significant effects were identified for Target (F (1,26) = 148.77, p = 0.000, h 2 p = 0.85), Condition (F (4,104) = 2.76, p = 0.031, h 2 p = 0.10), Target Â Condition (F (4,104) = 114.37, p = 0.000, h 2 p = 0.81), and Group Â Target (F (1,26) = 4.94, p = 0.035, h 2 p = 0.16), but not for Group (F (1,26) = 0.17, p = 0.676, h 2 p = 0.01), Group Â Condition (F (4,104) = 1.92, p = 0.124, h 2 p = 0.07), or Group Â Target Â Condition (F (4,104) = 0.23, p = 0.922, h 2 p = 0.01; Fig. 2A ). The Target main effect revealed that movements directed toward the left target showed a significant counterclockwise (i.e., positive) bias compared with movements directed toward the right target (D = 7.23°, t (27) = 11.40, p = 0.000, dz = 2.15). This difference was likely a result of the dissimilar biomechanical requirements between left and right target reaches. Although there was a main effect of Condition, conditions were compared separately at each target location given the Target Â Condition interaction. For left target trials, paired comparisons (Bonferroni correction: p Â 10) showed a bias in hand direction following exposure to the visuomotor rotation, as reach angle at peak velocity in R 1 1 and RS1 1 was shifted significantly more counterclockwise compared with NULL, R, and RS (D ! 2.63°, t (27) ! 9.04, p 0.002, dz ! 1.71). In contrast to our hypothesis, however, there was no significant difference between R 1 1 and RS 1 1 trials (D = À0.05°, t (27) = À0.23, p = 1.00, dz = 0.04). Moreover, no other contrast revealed a significant difference (D 0.09°, t (27) 0.55, p = 1.00, dz 0.10). It should be noted here that for left target trials, 25 participants showed a counterclockwise bias in both R 1 1 and RS 1 1 compared with either NULL, R, and RS.
For right target trials, paired comparisons (Bonferroni correction: p Â 10) also showed a bias in hand direction following exposure to the visuomotor rotation, as reach angle at peak velocity in R 1 1 and RS 1 1 was significantly more clockwise compared with NULL, R, and RS (D À1.87°, t (27) À7.26, p 0.002, dz ! 1.37). In contrast to our hypothesis, however, there was no significant difference between R 1 1 and RS 1 1 trials (D = 0.23°, t (27) = 1.31, p = 1.00, dz = 0.25). Additionally, a significant but marginal clockwise bias was found between RS and NULL (D = À0.44°, t (27) = À3.27, p = 0.30, dz = 0.62). No other significant difference was found (D = À0.56°and 0.12°, t (27) = À2.87 and 1.01, p ! 0.097, dz = 0.54). Of note, 25 participants showed a clockwise bias in both R 1 1 and RS 1 1 compared with either NULL, R, and RS, thus mirroring that observed for left target trials (see previous paragraph). To help illustrate the counterclockwise (left target) and clockwise (right target) hand biases observed in both R 1 1 and RS 1 1 trials, the mean movement trajectories across all participants are presented in Figure 2B . Overall, these results demonstrate that following a single rotation trial, a significant directional bias can be observed in the direction opposite to the rotation despite participants knowing that postrotation trials would not be perturbed.
Breakdown of the Group Â Target interaction (Bonferroni correction: p Â 2) revealed that for left target trials, the P4 group tended to show a greater counterclockwise bias compared with the P3 group (D = 1.62°, t (26) = 2.21, p = 0.072, d = 0.83), although no intergroup differences were identified for right target trials (D = À1.01°, t (26) = À0.90, p = 0.75, d = 0.34).
Reach angle variability at peak velocity
For reach angle variability at peak velocity, significant effects were identified for Target (F (1,26) = 33.56, p = 0.000, h 2 p = 0.56) and Group Â Target (F (1,26) = 4.73, p = 0.037, h 2 p = 0.15), but not for Group (F (1,26) = 3.91, p = 0.071, h 2 p = 0.13), Condition (F (4,104) = 1.41, p = 0.240, h 2 p = 0.05), Group Â Condition (F (4,104) = 0.43, p = 0.79, h 2 p = 0.02), Target Â Condition (F (4,104) = 0.57, p = 0.686, h 2 p = 0.02), or Group Â Target Â Condition (F (4,104) = 1.44, p = 0.232, h 2 p = 0.05; Fig. 2C ). The Target effect indicated that reach angle at peak velocity was more variable for trials directed toward the left, compared with the right target (D = 6.86°2, t (27) = 5.43, p = 0.000, dz = 1.03). Breakdown of the Group Â Target interaction (Bonferroni correction: p Â 2) revealed that reach angle at peak velocity was not significantly different between groups for reaches made toward the right target (D = 0.39°2, t (26) = 0.32, p = 1.00, d = 0.12), but tended to be greater in P4 than in P3 for reaches made toward the left target (D = 5.54°2, t (26) = 2.30, p = 0.058, d = 0.87).
Final x
For Final x , significant effects were identified for Group (F (1,26) = 5.38, p = 0.039, h 2 p = 0.17), Target (F (1,26) = 244.62, p = 0.000, h 2 p = 0.90), Condition (F (4,104) = 7.19, p = 0.000, h 2 p = 0.22), and Target Â Condition (F (4,104) = 58.97, p = 0.000, h 2 p = 0.69), but not for Group Â Target (F (1,26) = 0.08, p = 0.772, h 2 p = 0.00), Group Â Condition (F (4,104) = 0.78, p = 0.534, h 2 p = 0.03), or Group Â Target Â Condition (F (4,104) = 0.44, p = 0.781, h 2 p = 0.02; Fig. 3A ). The Group effect revealed that Final x was generally biased to the left of either target in P4 compared with P3 (D = À0.11 cm, t (26) = À2.32, p = 0.028, d = 0.87), whereas the Target effect indicated that, overall, participants terminated their movements at the left of the target on left target trials and at the right of the target on right target trials (D = À0.90 cm, t (27) = À15.91, p = 0.000, dz = 3.01). Although the Group effect was arguably the result of an inherent group sampling difference, the Target effect was likely due to the different biomechanical requirements for left and right target reaches.
Although there was a main effect of Condition, conditions were compared separately at each target location given the Target Â Condition interaction. In line with the reach angle at peak velocity results, left target paired comparisons (Bonferroni correction: p Â 10) revealed a directional bias following exposure to the visuomotor rotation, with R 1 1 and RS 1 1 being significantly leftward compared with all other conditions (D À0.22 cm, t (27) À3.40, p 0.046, dz ! 0.64). Additionally, R and RS showed a significant leftward bias when compared with NULL (D À0.22 cm, t (27) À4.05, p 0.01, dz ! 0.77). No significant Final x differences were found between R and RS (D = À0.02 cm, t (27) = À0.49, p = 1.00, dz = 0.09) or between R 1 1 and RS 1 1 (D = 0.02 cm, t (27) = 0.48, p = 1.00, dz = 0.09). For right target trials, paired comparisons (Bonferroni correction: p Â 10) also revealed a directional bias, with R 1 1 and RS 1 1 Final x being significantly rightward compared with all other conditions (D ! 0.23 cm, t (27) ! 5.28, p 0.002, dz ! 1.00). Moreover, right target RS trials showed a significant rightward bias compared with both NULL and R trials (D ! 0.20 cm, t (27) ! 5.00, p 0.002, dz ! 0.94). No other contrast revealed a significant difference (D = À0.06 and À0.03] cm, t (27) = À1.59 and À0.87, p = 1.00, dz 0.30). In sum, Final x differences in R 1 1 and RS 1 1 compared with all other conditions at both target locations corroborate the results obtained for reach angle at peak velocity. In contrast, the leftward biases observed on left target R and RS trials compared with NULL may have resulted from the initiation of an online correction following perturbation detection. The curvature near the end of the left target R and RS trajectories ( Fig. 2A, left target) , coupled with the lack of statistically significant reach angle at peak velocity differences between left target NULL, R, and RS trials, would support such an interpretation. Interestingly, although a significant rightward right target Final x bias was found in RS compared with NULL, evidence of online correction was less evident on right compared with left target trials ( Fig. 2A, right target) . This may be explained by the fact that MTs were significantly shorter for right than left target reaches (see MT), which may have limited the ability of participants to implement an online correction on right target R and RS trials.
Final x variability
No significant effects were found for Final x variability (Group: F (1,26) = 0.20, p = 0.653, h 2 p = 0.01; Target: F (1,26) = 1.08, p = 0.314, h 2 p = 0.04; Condition: F (4,104) = 1.71, p = 0.148, h 2 p = 0.06; Group Â Target: F (1,26) = 0.77, p = 0.377, h 2 p = 0.03; Group Â Condition: F (4,104) = 1.76, p = 0.139, h 2 p = 0.06; Target Â Condition: F (4,104) = 0.65, p = 0.622, h 2 p = 0.02; Group Â Target Â Condition: F (4,104) = 0.55, p = 0.708, h 2 p = 0.02; Fig. 3B ).
Final y
For Final y , significant effects were identified for Target (F (1,26) = 8.86, p = 0.008, h 2 p = 0.25), Condition (F (4,104) = 6.76, p = 0.000, h 2 p = 0.21), and Target Â Condition (F (4,104) = 8.70, p = 0.000, h 2 p = 0.25), but not for Group (F (1,26) = 0.18, p = 0.657, h 2 p = 0.01), Group Â Target (F (1,26) = 0.00, p = 0.991, h 2 p = 0.00), Group Â Condition (F (4,104) = 0.40, p = 0.810, h 2 p = 0.02), or Group Â Target Â Condition (F (4,104) = 0.40, p = 0.809, h 2 p = 0.02; Fig. 3C ). The Target effect indicated that hand displacement along the y-axis was generally farther on left, compared with right target trials (D = 0.08 cm, t (27) = 3.03, p = 0.005, dz = 0.57). Although there was a main effect of Condition, conditions were compared separately at each target location given the Target Â Condition interaction. For the left target, although paired comparisons (Bonferroni correction: p Â 10) did not reveal a significant difference between R and RS (D = À0.006 cm, t (27) = À0.16, p = 1.00, dz = 0.03), Final y was significantly closer to the start base in these two conditions compared with NULL and RS 1 1 (D À0.19 cm, t (27) À4.44, p 0.002, dz ! 0.84). Final y was also significantly farther from the start base in R 1 1 compared with R (D = 0.16 cm, t (27) = 3.07, p = 0.050, dz = 0.58), but not compared with RS (D = 0.16 cm, t (27) = 2.79, p = 0.074, dz = 0.53). No significant differences were observed between NULL, R 1 1 and RS 1 1 (D = À0.11 and 0.04 cm, t (27) = À2.74 and 0.93, p ! 0.110, dz 0.52). Of note, and in contrast to left target trials, no intercondition Final y differences (Bonferroni correction: p Â 10) were observed for right target trials (D = À0.07 and 0.12 cm, t (27) = À1.73 and 2.20, p ! 0.382, dz 0.42). Of note, the fact that significant (or close to significant) Final y differences were only observed between left target rotation and nonrotation trials supports the idea that some form of online correction was implemented during left target rotation trials.
Final y variability
No significant effects were found for Final y variability (Group: F (1,26) = 0.35, p = 0.550, h 2 p = 0.01; Target: F (1,26) = 1.41, p = 0.245, h 2 p = 0.05; Condition: F (4,104) = 0.68, p = 0.604, h 2 p = 0.03; Group Â Target: F (1,26) = 0.03, p = 0.856, h 2 p = 0.00; Group Â Condition: F (4,104) = 0.58, p = 0.688, h 2 p = 0.02; Target Â Condition: F (4,104) = 2.03, p = 0.093, h 2 p = 0.07; Group Â Target Â Condition: F (4,104) = 0.08, p = 0.990, h 2 p = 0.00; Fig. 3D ).
RT
For RT, significant effects were identified for Group (F (1,26) = 6.10, p = 0.026, h 2 p = 0.19), Condition (F (4,104) = 10.36, p = 0.000, h 2 p = 0.28), and Target Â Condition (F (4,104) = 5.79, p = 0.000, h 2 p = 0.18), but not for Target (F (1,26) = 1.22, p = 0.283, h 2 p = 0.04), Group Â Target (F (1,26) = 0.00, p = 0.989, h 2 p = 0.00), Group Â Condition (F (4,104) = 2.32, p = 0.061, h 2 p = 0.08), or Group Â Target Â Condition (F (4,104) = 0.85, p = 0.510, h 2 p = 0.03; Fig. 4A ). The Group effect revealed that RTs were significantly shorter in P4 compared with P3 (D = À0.051 s, t (26) = À2.47, p = 0.020, d = 0.93). Although there was a main effect of Condition, conditions were compared separately at each target location given the Target Â Condition interaction. For the left target, paired comparisons (Bonferroni correction: p Â 10) revealed that RTs in NULL and RS 1 1 were significantly longer compared with both R and RS (D ! 0.015 s, t (27) ! 2.79, p 0.002, dz ! 0.53). No other paired comparison revealed a significant difference for left target trials (D = À0.013 and 0.009 s, t (27) = À2.91 and 1.72, p ! 0.086, dz 0.55). For right target trials, paired comparisons (Bonferroni correction: p Â 10) revealed that RTs in RS 1 1 were significantly longer compared with NULL and RS (D ! 0.16 s, t (27) ! 5.31, p 0.002, dz ! 1.00). Additionally, RTs were significantly, but marginally, longer in R compared with RS (D = 0.009 s, t (27) = À4.02, p = 0.010, dz = 0.76). No other contrast yielded statistically significant RT differences for right target trials (D = À0.011 and 0.002 s, t (27) = À2.56 and 0.77, p ! 0.11, dz 0.48). Hence, overall, participants were somewhat slower to respond on RS 1 1 trials, perhaps because they were distracted by the tactile sensation and "clicking" sound made by the stimulator on previous RS trials.
MT
For MT, significant effects were identified for Target (F (1,26) = 321.83, p = 0.000, h 2 p = 0.93) and Target Â Condition (F (4,104) = 7.32, p = 0.000, h 2 p = 0.22), but not for Group (F (1,26) = 0.04, p = 0.842, h 2 p = 0.00), Condition (F (4,104) = 2.07, p = 0.095, h 2 p = 0.07), Group Â Target (F (1,26) = 2.04, p = 0.163, h 2 p = 0.07), Group Â Condition (F (4,104) = 0.22, p = 0.932, h 2 p = 0.01), or Group Â Target Â Condition (F (4,104) = 0.27, p = 0.904, h 2 p = 0.01; Fig. 4B ). The Target effect indicated that MTs were significantly shorter on right than left target trials (D = À0.046 s, t (27) = À17.60, p = 0.000, dz = 3.33). To break down the Target Â Condition interaction, we compared all conditions separately at each target location. For left target trials, paired comparisons (Bonferroni correction: p Â 10) revealed that R and RS MTs were significantly, though marginally, longer compared with NULL trials (D ! 0.0047 s, t (27) ! 4.01, p 0.006, dz ! 0.76), with no other contrast yielding a significant difference (D = À0.00047 and 0.0047 s, t (27) = À0.76 and 2.84, p ! 0.074, dz 0.54). In contrast, for right target trials, paired comparisons (Bonferroni correction: p Â 10) revealed that MTs were significantly, though marginally, longer in NULL compared with R and RS (D ! 0.003 s, t (27) ! 3.32, p 0.014, dz ! 0.63), with no other contrast reaching the significance threshold (D = À0.0019 and 0.003 s, t (27) = À1.43 and 2.10, p ! 0.42, dz 0.40).
Discussion
A number of studies have shown that exposure to intermittent or randomly changing sensorimotor perturbations bias subsequent motor behavior (Diedrichsen et al., 2005; Galea et al., 2015; Torrecillos et al., 2015; Tan et al., 2016; Savoie et al., 2018) . In a recent EEG study, Savoie et al. (2018) observed increased activity over parietal regions 140-260 ms after the provision of rotated visual feedback, raising the possibility that the parietal cortex is involved in the error processing that leads to the emergence of this bias. The goal of the present study was to investigate this. To do so, participants made rapid reaching movements while being pseudorandomly exposed to a visuomotor rotation with, or without, TMS stimulation over the parietal cortex 150 ms after movement onset. The reasoning was that if the parietal responses observed by Savoie et al. (2018) were causally involved in the subsequent change in motor output, TMS stimulation would reduce the postrotation bias. Although a potent directional reaching bias was indeed observed following rotated trials in the present study, the TMS protocol did not meaningfully impact it. Therefore, the present results suggest that ;150 ms after initiating a closed-loop movement under visuomotor rotation, the activity of the parietal areas located under P3 and P4 may not be critical for the emergence of visuomotor rotation-induced changes in motor output.
In the present study, we refer to the change in movement direction that follows single-trial exposure to a visuomotor rotation as a postrotation bias. Technically, this bias differs from classic sensorimotor adaptation in that the latter typically involves performance improvements that accumulate over several trials. Despite this difference, it seems likely that the mechanisms that subtend both the postrotation bias reported in this study and classic adaptation are related (Donchin et al., 2003) . In the present study, we further speculate that the postrotation directional bias was driven by mechanisms related to implicit adaptation, as participants were asked to aim straight for the cued target regardless of what the cursor did. Obviously, given that we did not ask participants to report where they were aiming prior to each trial (Taylor et al., 2014) , we cannot ascertain that participants complied with these instructions and, thus, cannot guarantee that no strategy was used. It should be noted, however, that the (absolute) bias measured in R 1 1 and RS 1 1 trials ranged from 2.31°to 2.68°(compared with NULL). Given that the errors experienced on R and RS trials were approximately the same size as the rotation itself (i.e., 45°), participants compensated for ;5% of the error experienced on these rotated trials. The amplitude of these perturbation-induced changes in reach direction are consistent with the learning rate that should be expected for implicit visuomotor adaptation to a 45°rotation, which has been reported to hover between 2% and 10% (McDougle et al., 2015) . Hence, although we cannot confirm that the observed postrotation bias was driven by implicit adaptation mechanisms, it appears a likely possibility.
According to anatomic labeling studies, P3 and P4, respectively, lie over left and right posterior areas of the inferior parietal lobule, presumably corresponding to the angular gyrus and adjacent part of the intraparietal sulcus (Homan et al., 1987; Herwig et al., 2003; Okamoto et al., 2004; Vesia et al., 2008) . These regions are tightly involved in motor planning and control, as TMS over P3 and P4 during reach planning has been shown to bias reach kinematics (Vesia et al., 2006 (Vesia et al., , 2010 and to increase ipsilateral motor cortex excitability at rest (Koch et al., 2007) and during reach planning toward contralateral visual targets (Koch et al., 2008) . Concerning sensorimotor adaptation, activity in these areas has been shown to be modulated in response to visuomotor perturbations (Graydon et al., 2005; Girgenrath et al., 2008; Luauté et al., 2009; Chapman et al., 2010) suggesting that they arguably play a role in this type of learning. Despite this, TMS stimulation over P3 or P4 had no effect on the postrotation bias. Assuming that the bias observed in R 1 1 and RS 1 1 trials can be used as a single-trial proxy for implicit adaptation, the present data suggest that the inferior parietal areas targeted by the TMS protocol are not involved in implicit adaptation 150 ms after movement onset. This begs the question: what roles do the parietal areas located under P3 and P4 play during visuomotor error processing? In the following paragraphs, we explore three possibilities, starting from the most to the least plausible based on the amount of supporting evidence.
What might parietal responses to a visuomotor rotation mean?
The timing of the parietal responses to visuomotor errors reported by Savoie et al. (2018; starting at ; 140 ms) is consistent with the putative time required for macaque parietal neurons to encode new movement kinematics following a target jump (;150 ms, Archambault et al., 2009 ). Thus, a first possibility is that early parietal activations during visuomotor adaptation relate to the engagement of automatic online correction mechanisms (Pisella et al., 2000) . Indeed, there is compelling evidence showing that the parietal cortex is a crucial brain area for online corrections during reaching (Desmurget et al., 1999; Pisella et al., 2000; Buiatti et al., 2013) , which can be observed when individuals reach, rather than shoot through, visual targets under visuomotor rotation (Diedrichsen et al., 2005; Seidler et al., 2006; Seidler and Noll, 2008; Torrecillos et al., 2015) . Given that it is thought to continuously compare the position of the hand and target during reaching (Buneo et al., 2002; Diedrichsen et al., 2005; Buneo and Andersen, 2006) , the parietal cortex may play an important role in the detection of performance errors, which both engage online correction mechanisms and drive explicit adaptation (Taylor and Ivry, 2011; Taylor et al., 2014) . Interestingly, it has been proposed that corrective motor responses could serve as teaching signals for sensorimotor adaptation (Albert and Shadmehr, 2016; Shadmehr, 2018) . For instance, Della-Maggiore et al. (2004) have shown that precluding corrective movements by interfering (single-pulse TMS) with the medial bank of the left intraparietal sulcus impairs performance during force-field adaptation. However, the authors reported little to no impact of parietal stimulation on short term retention (i.e., aftereffects), which is thought to reflect implicit adaptation (Mazzoni and Krakauer, 2006; Taylor et al., 2014; Morehead et al., 2017) . Hence, although the parietal cortex may not play a direct role in implicit adaptation, the corrective movements it mediates may serve as learning templates for explicit adaptation.
Another possible reason why the stimulation of P3 or P4 did not impact the postrotation bias is that the targeted parietal areas may be involved in the storage of motor memories rather than immediate performance improvements, akin to the presumed role of the primary motor cortex in adaptation (Richardson et al., 2006; Hadipour-Niktarash et al., 2007; Overduin et al., 2009; Galea et al., 2011; Hamel et al., 2017) . Indeed, Galea et al. (2011) showed that increasing excitability of the primary motor cortex prior to visuomotor adaptation had no bearing on performance during acquisition, but improved short-term retention. Likewise, Hamel et al. (2017) showed that disrupting the primary motor cortex with single-pulse TMS during visuomotor adaptation did not impact performance during acquisition, but reduced retention 24 h later. Although data suggesting that the same applies for the parietal cortex are scarce, it is plausible that parietal areas might subserve adaptation in a similar way. For instance, computational modeling work by Tanaka et al. (2009) suggests that visuomotor remapping occurs by way of synaptic reweighting between posterior parietal and motor areas, raising the possibility that, together, these areas could form a network that subtends retention. Empirical evidence for this has recently been provided by Della-Maggiore et al. (2017) , who observed increased functional connectivity within a motor network comprising the supramarginal gyrus ;6 h after visuomotor adaptation. The fact that the strength of this network correlated with long-term retention led the authors to suggest that it reflected the stabilization of motor memories following adaptation. More direct evidence for inferior parietal involvement in visuomotor memory retention comes from a study by Moisello et al. (2015) , who demonstrated that applying excitatory (5 Hz) repetitive TMS over electrode P6 after visuomotor adaptation robustly improved 24 h retention in Parkinson's patients. Thus, a reasonable proposition is that the parietal cortex mediates the early formation of a visuomotor memory rather than trial-pertrial changes in motor output, which might explain why TMS stimulation had no impact on the postrotation directional reaching bias.
Finally, another possibility is that inferior parietal areas may contribute to proprioceptive realignment, which is known to occur during visuomotor adaptation (Simani et al., 2007; Cressman and Henriques, 2009; Izawa and Shadmehr, 2011; Salomonczyk et al., 2011 Salomonczyk et al., , 2012 Nikooyan and Ahmed, 2015) , rather than to immediate adjustments in motor behavior. This possibility was first raised by Clower et al. (1996) , who reported concomitant proprioceptive recalibration and increased cerebral blood flow along the lateral bank of the intraparietal sulcus (i.e., supramarginal/angular gyrus) when participants made reaching movements while wearing displacing prisms. More recently, Block et al. (2013) provided direct support for this by showing that the application of inhibitory theta burst stimulation over the angular gyrus disrupts the relationship between visuo-proprioceptive weighting and realignment to shifted visual feedback. Interestingly, Cressman and Henriques (2010) have shown that proprioceptive realignment can occur in response to passively presented visuo-proprioceptive incongruities (Cressman and Henriques, 2010) . In this light, perhaps the parietal cortex responds to cross-sensory errors between vision and proprioception , rather than efference copy-based SPEs. This should be tested in future studies.
Limitations
It should be remembered that the characteristics of the stimulation protocol used herein constrain the inferential power of the results. First, despite the null impact of P3 or P4 stimulation on the postrotation bias, the present results cannot rule out the potential involvement of more rostral or medial parietal nodes in this phenomenon. For instance, neuroimaging work has also shown that visuomotor perturbations increase activity within the superior parietal lobule (Inoue et al., 1997 (Inoue et al., , 2000 Ghilardi et al., 2000; Krakauer et al., 2004; Diedrichsen et al., 2005; Graydon et al., 2005; Luauté et al., 2009; Chapman et al., 2010) , making areas 5 and 7 possible neural substrates for motor output changes following exposure to a perturbation. Further evidence for this comes from a recent study in monkeys showing that microstimulation of area 5 neurons in the vicinity of the intraparietal sulcus results in iterative, adaptation-like changes in reach behavior (Inoue and Kitazawa, 2018) . Second, the interpretation of the present results is limited to the purported duration of the TMS effect. Given that cortical activity is thought to be disrupted for a few hundred milliseconds following singlepulse TMS (Premoli et al., 2014; Chung et al., 2015) , stimulating 150 ms after movement onset arguably covered the putative time window of SPE processing (Savoie et al., 2018) . However, it must be remembered that the timing of the differences reported by Savoie et al. (2018) were based on the average of all participants. Thus, it is possible that the TMS pulse was delivered too early or late in some participants of the present study. Stimulation timing issues could be addressed in future studies by lengthening the stimulation period using online repetitive TMS (Vesia et al., 2010) , which could be set to cover a wider time window for parietal involvement in error processing (e.g., 0-500 ms).
Conclusion
Although the present results must be interpreted in light of the spatiotemporal characteristics of the TMS protocol used, they suggest that the parietal regions lying under P3 and P4 do not causally contribute to the directional reaching bias that takes place following single-trial exposure to a visuomotor rotation. A number of questions remain concerning the roles of the parietal cortex in adaptive behavior. Among these are its potential involvement in online control, the formation of motor memories, and proprioceptive recalibration.
